Background: Aberrant galactose-deficient IgA1 molecules (Gd-IgA1) are important causal factors in IgA nephropathy (IgAN); however, the detection of Gd-IgA1 in IgAN is complicated and instable. A monoclonal antibody, KM55, which specifically recognizes Gd-IgA1 has been developed. In the present study, we further explored the clinical significance of Gd-IgA1 using KM55. Methods: In this study, we enrolled 75 patients with IgAN and 80 healthy controls and detected the plasma Gd-IgA1 levels using the KM55 ELISA method. We also stained mesangial Gd-IgA1 deposition using KM55. Results: We observed that the levels of plasma Gd-IgA1 in IgAN patients were elevated compared to the corresponding levels of healthy controls. Patients were divided into 2 groups based on the median of Gd-IgA1. Patients with high Gd-IgA1 levels had significantly higher levels of uric acid (UA) and IgA. The other clinical manifestations demonstrated that there were no differences in age, sex, blood pressure, initial proteinuria, hematuria, estimated glomerular filtration rate and Oxford pathological classification between the 2 groups of patients. In addition, positive correlations were observed between Gd-IgA1 and Bb, C3a, C4d and MAC. Mesangial Gd-IgA1 was positive in IgAN but negative in the normal renal tissue adjacent to neoplasm. We next analyzed the correlation between plasma Gd-IgA1 and mesangial Gd-IgA1 deposition. The results showed that a high level of plasma Gd-IgA1 was related to the deposition of mesangial Gd-IgA1, although the difference was not significant. Conclusion: We verified the elevated level of plasma and mesangial Gd-IgA1 in patients with IgAN by KM55, which provided an alternative, easy, and reliable tool for diagnosis and activity assessment of IgAN. The level of plasma Gd-IgA1 positively correlated with levels of UA, total IgA levels, and complement activation products.
Introduction
IgA nephropathy (IgAN) is the most common primary glomerulonephritis that is used worldwide, especially in Asian countries [1, 2] . Approximately 20-30% of the patients with IgAN will progress to end-stage renal disease within 20 years [3, 4] . However, the diagnosis of IgAN requires a renal biopsy. As we all know, renal biopsy has its risks, sometimes deadly complications, non-invasive diagnostic methods alternative to the common biopsy are needed. Recently, increasing evidence has indicated that galactose-deficient IgA1 (Gd-IgA1) molecules are the most convincing trigger factors for pathogenesis of IgAN [5] [6] [7] . Furthermore, the researchers have reported that high levels of Gd-IgA1 were associated with disease progression [8, 9] . However, evidence of Gd-IgA1 as a biomarker remains controversial [10] . The main reason for the controversy is the absence of a definitive assay. At present, the detection of the Gd-IgA1 hinge region in IgAN required either mass spectroscopy [11] or lectin-based assays [12] . The limitations of these methods are that its bioactivity and stability depend strongly on the purified lectin. In order to detect and quantify circulating levels of Gd-IgA1 robustly and accurately, KM55, a monoclonal antibody, which specifically recognizes Gd-IgA1, has been developed. In their studies, Suzuki and colleagues [13, 14] had demonstrated that this antibody specifically recognized Gd-IgA1 in serum and glomeruli just like using HAA lectin-based assay. However, the commercially available KM55 antibody is not widely validated.
In this study, we detected plasma and mesangial Gd-IgA1 using KM55 and clarified the clinical significance of Gd-IgA1 in Chinese patients with IgAN.
Patients and Methods

Subjects
Seventy-five IgAN patients diagnosed in Tianjin Medical University General Hospital from March 2017 to January 2018 were enrolled in this study. The diagnosis was based on the deposition of IgA in the glomerular mesangium by immunofluorescence detection, as well as the lack of clinical or serological evidence of other inflammatory conditions, such as Henoch Schoenlein purpura, systemic lupus erythematosus. At the same time, 80 healthy volunteers whose age and gender matched with patients were recruited. Plasma was collected from all individuals in this study, for patients at the time of renal biopsy. The plasma samples were stored in aliquots at -80 ° C for the subsequent use. Clinical information, including age, gender, 24-h urine protein excretion, blood pressure and total IgA levels, were collected at the time of renal biopsy. The estimated glomerular filtration rate (eGFR) was calculated using the chronic kidney disease epidemiology collaboration creatinine equation [15] . The histological lesions were classified according to the Oxford classification system. The Medical Ethics Committee of Tianjin medical university general hospital approved the study protocol and informed written consent was obtained from all individuals.
Assay of Plasma Gd-IgA1
Plasma Gd-IgA1 levels were detected using the ELISA kit according to the manufacturer's specifications (IBL, Japan). Plasma samples were diluted in proportions of 1: 50 with EIA buffer and incubation for 60 min at R.T. with plate lid. Then after washing 4 times with the wash buffer, the prepared labelled antibodies were incubated for 30 min. Plates were washed 3 times and added to 50 µL TMA solution incubation for 30 min in dark. At last, the colour reaction was stopped and the absorbance was measured at 450/625 nm with an EL312 Bio-Kinetics microplate reader (Bio-Tek Instruments, USA).
Plasma Complement Component Levels
The concentrations of human complement components, including C3a, C4d, Bb and C5b-9 (MAC), were determined according to the manufacturer's instructions by ELISA (Quidel, USA). The absorbance was measured at 405 nm with an EL312 Bio-Kinetics microplate reader (Bio-Tek Instruments, USA).
Immunohistochemistry Staining of Mesangial Gd-IgA1
Renal specimens were evaluated with direct immunohistochemistry and were forwarded to 2 pathologists. Both pathologists examined the biopsies independently, being blinded to each other as well as to the patients' clinical data. The renal tissue sections of IgAN patients and adjacent non-neoplastic tissues were collected; 5-mm-thick formalin-fixed paraffinembedded renal biopsies were deparaffinized and hydrated. Antigen retrieval with subtilisin A (Sigma, Japan) was performed at room temperature for 2 h. The rat monoclonal anti-human Gd-IgA1 antibody (dilution 1: 100, Immuno-Biological Laboratories, Japan) was added to each coverslip directly. Antibodies were incubated overnight at 4 ° C. After sufficient wash with phosphate-buffered saline, horseradish peroxidase -conjugated polyclonal goat anti-rat IgG (Life Technologies, USA) was added at 37 ° C for 30 min. Finally, sections were examined using light microscopy. The biopsies with at least 8 glomeruli were used for the quantification of intensity of mesangial Gd-IgA1. The intensity of Gd-IgA1 in mesangial areas was assessed as 1, weak; 2, mild; 3, moderate; 4. Severe (as shown in online suppl. Fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000502579) [16] .
Statistical Analyses
Normal distribution quantitative variables were expressed as means and SDs and compared by an independent-samples t test. For non-normally distributed variables, we used median and interquartile range and analyzed with the Mann-Whitney U test. Categorical data was summarized by percentages. A two-sided p value < 0.05 was considered statistically significant. All statistical tests were performed using SPSS version 16.0.
Results
Baseline Clinical, Laboratory and Pathological Data
Among the 75 IgAN patients, there were 40 (53.3%) males with mean age of 39 ± 14 at the time of kidney biopsy. The mean systolic blood pressure was 125 ± 18 mm Hg. Biopsy revealed that the mean proteinuria level and total IgA were 1.80 g/day and 330.97 mg/dL respectively. The average eGFR and uric acid (UA) were 92.84 ± 33.57 mL/min per 1.73 m 2 and 351.7 ± 113 μmol/L respectively. The grading of the pathological lesions by Oxford classification is shown in Table 1 .
Plasma Gd-IgA1 Levels
Using the GalNAc-specific monoclonal antibody KM55, we examined the plasma levels of Gd-IgA1 in patients with IgAN and in those in the healthy control. In our cohorts, patients with IgAN had significantly higher average Gd-IgA1 levels (11.09 ± 4.87 μg/mL) compared with those in the healthy control (7.20 ± 4.00 μg/mL, p < 0.001; Fig. 1 ).
Association of Gd-IgA1 with Clinical Characteristics of IgAN
After the identification of increased Gd-IgA1 levels in patients with IgAN, we further explored its association with clinical features in patients with IgAN. We classified the patients into 2 groups according to the median value of Gd-IgA1 levels (median value: 10.32 μg/mL). IgAN, IgA nephropathy; SBP, systolic blood pressure; eGFR, estimated glomerular filtration rate; Scr, serum creatinine; UA, uric acid; ALB, serum albumin; RBC, red blood cells; M, mesangial cell proliferation; E, endothelial cell proliferation; S, glomerular segmental sclerosis; T, tubular atrophy, interstitial fibrosis; C, crescentic lesion. We found that patients with high Gd-IgA1 levels had significantly higher levels of UA (p = 0.009, Table 2 ) and IgA (p < 0.001, Table 2 ). The other clinical manifestations demonstrated that there were no differences in age, sex, blood pressure, initial proteinuria, hematuria, eGFR and Oxford pathological classification between the 2 groups of patients. In addition, we found that high Gd-IgA1 levels were correlated with high UA levels (r = 0.31, p = 0.007; Fig. 2B ) and total IgA levels (r = 0.54, p < 0.001; Fig. 2d ), while not correlated with other clinical manifestations ( Fig. 2A , C, E-H). Furthermore, no correlation was found between eGFR and plasma UA in our study (r = -0.13, p = 0.25, online suppl. Fig. 2 ).
Association of Gd-IgA1 with Complement Fragment Levels
We randomly selected 40 patients with IgAN to examine the correlation between plasma Gd-IgA1 and complement activation products. In the group of patients with high Gd-IgA1 levels, Bb (High Gd-IgA1 vs. Low Gd-IgA1: 4.56, 3.60-6.40 µg/mL vs. 3.71, 3.24-3.99 µg/mL, p = 0.006; Fig. 3A ), C3a (High Gd-IgA1 vs. Low Gd-IgA1: 710, 268-8,177 ng/mL vs. 422, 182-713 ng/mL, p = 0.003; Fig. 3B ), C4d (High Gd-IgA1 vs. Low Gd-IgA1: 8.16, 4.23-16.24 µg/mL vs. 5.21, 3.99-5.78 µg/mL, p = 0.003; Fig. 3C ), and membrane attack complex (MAC, High Gd-IgA1 vs. Low Gd-IgA1: 524, 438-1,161 ng/mL vs. 464, 432-536 ng/mL, p = 0.02; Fig. 3D ) levels were significantly higher than patients with low Gd-IgA1 levels. More importantly, we found that high Gd-IgA1 levels were correlated with high Bb (r = 0.49, p = 0.001; Fig. 4A ), C3a (r = 0.56, p < 0.001; Fig. 4B ), C4d (r = 0.56, p < 0.001; Fig. 4C ), and MAC (r = 0.40, p = 0.01; Fig. 4D ).
Mesangial Gd-IgA1 Deposition
Furthermore, we randomly selected 15 patients with IgAN to evaluate mesangial Gd-IgA1 deposition. Mesangial Gd-IgA1 was positive in IgAN while negative in the normal renal tissue adjacent to the neoplasm (Fig. 5 ). Fig. 3 . Comparison of complement fragment levels among the IgA patients with High Gd-IgA1 levels and Low Gd-IgA levels. Among the 40 patients with IgAN, patients with high Gd-IgA1 levels also had higher levels of Bb (High Gd-IgA1 vs. Low Gd-IgA1: 4.56, 3.60-6.40 μg/mL vs. 3.71, 3.24-3.99 μg/mL, p = 0.006, A), C3a (High Gd-IgA1 vs. Low Gd-IgA1: 710, 268-8,177 ng/mL vs. 422, 182-713 ng/mL, p = 0.003, B), C4d (High Gd-IgA1 vs. Low Gd-IgA1: 8.16, 4.23-16.24 μg/mL vs. 5.21, 3.99-5.78 μg/mL, p = 0.003, C), and MAC (High Gd-IgA1 vs. Low Gd-IgA1: 524, 438-1,161 ng/mL vs. 464, 432-536 ng/mL, p = 0.02, D). Gd-IgA1, galactose-deficient IgA1; MAC, membrane attack complex.
The Association between Plasma Gd-IgA1 and Mesangial Gd-IgA1 Deposition
We next analyzed the correlation between plasma Gd-IgA1 and mesangial Gd-IgA1 deposition. The results showed that a high level of plasma Gd-IgA1 was related to the deposition of mesangial Gd-IgA1, although the difference was not significant (r = 0.44, p = 0.09, Fig. 6 ). Among the IgAN patients with high Gd-IgA1 levels, the levels of Gd-IgA1 were correlated with high Bb (r = 0.49, p = 0.001, A), C3a (r = 0.56, p < 0.001, B), C4d (r = 0.56, p < 0.001, C), and MAC (r = 0.40, p = 0.01, D). Gd-IgA1, galactose-deficient IgA1; MAC, membrane attack complex. 
IgAN Control
Discussion
In this study, we measured the levels of Gd-IgA1 in IgAN patients using KM55, which specifically recognized pathogenic Gd-IgA1. Our study at first verified that the novel lectin-independent assay was an easy tool to detect plasma and mesangial Gd-IgA1 in Chinese patients with IgAN. Further, the results showed that in patients with IgAN, the elevated Gd-IgA1 levels were associated with high UA, IgA levels and complement activation products, providing a specific method to better understand the pathogenesis of IgAN.
Since 2001, indirect evidence has accumulated that circulating Gd-IgA1 are the trigger factors for mesangial deposition and subsequent kidney injury in IgAN. Unfortunately, Gd-IgA1 hinge region in IgAN was not easy to detect. H aspersa lectin, which can specifically recognize the hinge region, is not available in a synthetic form and has to be purified from the snails. The purification process variation of the lectin has hampered the reliability and popularization of assays. Only a handful of well-equipped labs in the world could detect Gd-IgA1 by lectin-based assay [17, 18] , while others could not. In order to overcome the above-mentioned difficulty and improve stability, Suzuki and colleagues [13, 14] obtained a novel and unique monoclonal antibody, KM55, against Gd-IgA1. This method can recognize Gd-IgA1 in patients with IgAN, just like a lectin-based assay. Consistent with Suzuki's report, we also observed elevated plasma Gd-IgA1 levels in our patients with IgAN by this ELISA kit. Moreover, mesangial Gd-IgA1 deposition was specific to IgAN, which was compatible with previous results [14, 19] . Some healthy controls with relatively high levels of plasma Gd-IgA1 suggested that circulating Gd-IgA1 is not the only factor linked to the onset of IgAN. It indicated that excess Gd-IgA1 in serum and glomerular mesangial area deposits could induce chronic glomerular injuries in IgAN. We found that a high level of plasma Gd-IgA1 was related to the strong deposition of mesangial Gd-IgA1 deposition, although the difference was not significant. Wada et al. [19] found serum Gd-IgA1 positively correlated with mesangial Gd-IgA1 intensity scores in the 50 patients with IgAN (r = 0.21, p = 0.006). As said by Floege, "KM55 would still have specificity similar to that of PLA2R antibodies in membranous nephropathy, which clearly revolutionized that field" [20] . More and more evidence seems to indicate that increased staining for PLA2R in glomeruli of renal biopsies tightly correlates with the presence of PLA2R autoantibodies in the serum, which correlated to disease activity, treatment response and prognosis. Whether KM55 played a similar important role in IgAN was required to verify in more patients. Further studies are needed to determine the normal range of Gd-IgA1 in order to distinguish patients with IgAN from healthy persons, similar to PLA2R antibodies.
In a previous study, Gal-deficient IgA1 was closely associated with pathologic phenotypes and prognosis in patients of IgAN [8, 9, 21] . Unfortunately, in our study, no significant difference as for M, E, S, T and C classification was observed between patients with the low and high levels of Gd-IgA1. We found that patients with higher levels of Gd-IgA1 presented with higher levels of UA and total IgA levels.
Accumulating evidence revealed that complement activation has a role in the pathogenesis and progression of IgAN [22] [23] [24] . In our study, although the majority of patients had normal levels of complement C3, the plasma levels of complement activation products were much higher in patients with higher levels of Gd-IgA1 than those with low levels of Gd-IgA1. We found that high Gd-IgA1 levels were correlated with an alternative pathway, which contained a high alternative pathway fragment Bb. In recent years, many studies showed that glomeruli from patients with IgAN had significantly higher abundance of components of the classical pathway. We detected the classical pathway fragment C4d, and found that high Gd-IgA1 levels were correlated with high C4d. Also, high Gd-IgA1 levels were showed to correlate with all 3 pathways product C3a and terminal pathway complement complex MAC [25, 26] . Therefore, it is difficult to clarify which complement pathway is critically activated by Gd-IgA1. More studies should be needed to elucidate this question and develop complementtargeting therapy of the disease.
However, the small sample size was the major limitation of the study. Second, our present study was a cross-sectional study. We detected the Gd-IgA1 levels only on the day of renal biopsy for patients with IgAN. Therefore, we cannot currently evaluate the variability of Gd-IgA1 levels over time. Additional evaluation studies in large and long-term follow-up cohorts are required in the future.
Conclusion
In conclusion, we verified that plasma and mesangial Gd-IgA1 were elevated in patients with IgAN by KM55, which provided an alternative easy and reliable tool for diagnosis and activity assessment of IgAN. The level of plasma Gd-IgA1 positively correlated with levels of UA, total IgA levels and complement activation products.
